Cells have a recurrent need for the correct assembly
rRNA: L3, L4, L8, S3, S4, and S11 [5] [6] [7] . With exception of L7, which is attributed to the 66S preribosomal particle in the nucleus, the purified Rrb1-complex does not con- complex due to its general RNA binding capacity [9] . Finally, some of the bands were degradation products of Rrb1p and L3 (*, Figure 1a ). The substoichiometric appearance of ribosomal proteins in the Rrb1-TAP complex prompted us to test whether their copurification was dependent on the presence of RNA. Extracts from the RRB1-TAP strain were treated in parallel, either with a ribonuclease inhibitor or with 100 g/ml ribonuclease A and were separately affinity purified. All of the substoichiometrically copurifying protein bands (except Rrb1p and L3 degradation products,*) were eliminated upon RNase A treatment (see arrowheads, Figure 1b) , whereas L3 remained tightly associated with Rrb1p. Hence, it seems probable that Rrb1p and L3 form a binary complex that interacts with RNA which is bound by other early-assembling ribosomal proteins.
An early precursor rRNA copurifies with TAP-tagged Rrb1p
Evidence for the presence of RNA in the purified Rrb1-TAP complex suggested that the copurifying RNA species could be a precursor rRNA. To test this possibility, we performed reverse transcriptase (RT)-PCR on the TAPpurified Rrb1p complex. Three sets of primers were used to amplify different regions of the 35S pre-rRNA transcript (see scheme, Figure 2a ). First, we investigated whether a putative precursor rRNA was detectable in the final eluate of the purified Rrb1p complex. For this purpose, primer number 9 was used for the first-strand synthesis, followed by PCR amplification of the region covering the internal spacers ITS1 and ITS2 and the 5.8S rRNA of the precursor rRNA (using primers number 7 and number 10*). This primer combination would concomitantly allow for the distinction between early and later forms of precursor rRNA. A PCR product of the expected size (681 bp) was visible in the reaction on purified Rrb1-TAP complex but not in control reactions on the Sas5-TAP complex (a complex involved in silencing; S.S., unpublished data) or reactions without RT (Figure 2c) . To discriminate between the three early precursor forms of the pre-rRNA (35S, 33S, or 32S; see Figure 2b ), primer number 12 was used for the first-strand synthesis, followed by PCR amplifications of the region covering the A 0 cleavage site of the 5ЈETS and part of the 18S L3 and other early-associating ribosomal proteins copurify with rRNA (primers number 1* and number 11) or the region Rrb1-TAP. (a) The purified Rrb1-TAP complex was separated on a 16% SDS-polyacrylamide gel and subjected to a mass spectrometry including the A 1 cleavage site and part of the 18S rRNA analysis after Coomassie Blue staining. Identified proteins are (primers number 13* and number 11), respectively. PCR indicated on the left. Unlabeled bands were nonidentifiable by mass products of the expected size were generated in the Rrb1-spectrometry. Note that the designations A or B corresponding to TAP reaction, using primers 13* and 11 (527 bp) and the two gene copies for the r proteins L4, L7, L8, and S1 were omitted primers 1* and 11 (658 bp) (Figure 2c ), but not in the here because mass spectrometry analysis did not distinguish between the two gene products. Bands corresponding to degradation control reactions. These results indicate that the Rrb1p-products of Rrb1p (*) or ribosomal protein L3 (**) are labeled with asterisks. (b) Two protein extracts containing the Rrb1-TAP complex were treated with ribonuclease inhibitor or ribonuclease A, respectively, and Rrb1-TAP complexes were purified as before.
indicates degradation products of Rrb1p. The band labeled with two Complexes were separated on 16% SDS-polyacrylamide gels and asterisks is a degradation product of L3, possibly due to a protease silver stained. Arrowheads indicate the bands of the contamination of ribonuclease A. substoichiometrically copurifying ribosomal proteins which "disappear" upon the ribonuclease A treatment. A single asterisk
Figure 2
An early precursor rRNA copurifies with the Rrb1-TAP complex. (a) Structure of the 35S pre-rRNA and processing sites (adapted from [5] ). This precursor contains the sequences for the mature 18S, 5.8S, and 25S rRNAs that are separated by the two internal transcribed spacers ITS1 and ITS2 and flanked by two external transcribed spacers 5ЈETS and 3ЈETS. Bars represent mature rRNA species; lines represent the transcribed spacers. The primers used are labeled with their corresponding numbers. Numbered primers with an asterisk indicate that the primers have the reverse orientation. (b) The first two processing steps of the 35S pre-rRNA at the A 0 and the A 1 cleavage sites (see [5] for a complete scheme). (c) RT reaction and PCR. Purified Rrb1-TAP complex (2 l) was used to amplify different regions within the precursor rRNA. Purified Sas5-TAP complex (2 l) or 2.5 l (2.5 g) total extracted yeast RNA (R t ) was used in the control reactions. The multiple slower migrating bands in the reactions on total RNA are probably due to nonspecific annealing of the primers. PCR products were resolved on a 1% agarose gel and visualized by ethidium bromide staining. The bands corresponding to products from PCR on genomic DNA (D), using the same sets of primers, are labeled at either side of the gel. The diverse sets of primers used are indicated on top of the panel and are described in the text.
L3 complex contains a precursor rRNA which corresponds
Impaired Rrb1p function results in a 60S ribosomal subunit deficiency to the 35S form.
To investigate further Rrb1p involvement in ribosome biogenesis, we performed polysome profile analyses with To further confirm the presence of the 35S precursor the thermosensitive rrb1-TAP strain or the normal growing rRNA, we used a primer hybridization assay with primers RRB1-HA strain (Figure 4) . rrb1-TAP, RRB1-HA, or the isoannealing specifically in the 35S, 33S, and matured forms genic wild-type strains were grown at 30ЊC, and derived of precursor rRNA. RNA was extracted from the final extracts were resolved in sucrose gradients. The rrb1-TAP Rrb1-TAP and Sas5-TAP eluates or from an Rrb1-TAP strain showed a deficit of 60S versus 40S ribosomal subpreparation that was subjected to RNase A treatment units, an overall decrease in 80S ribosomes (free couples during the course of TAP-purification (see above) and and monosomes) and polysomes, and an accumulation of spotted onto a nylon membrane. Serially diluted total half-mer polysomes (Figure 4b ), whereas the RRB1-HA yeast RNA was applied for comparison. The membrane strain showed a wild-type profile (Figure 4c ). Half-mer was hybridized successively with primers specific for the polysomes generally correspond to a 43S complex, con-35S pre-rRNA (number 15), 33S pre-rRNA (number 14), sisting of a 40S ribosomal subunit with attached initiation and the 25S rRNA (number 9) (Figure 3 ). All three hybridfactors, being stalled at the first start codon and waiting izations gave a positive signal of comparable intensity, for the addition of a 60S ribosomal subunit [10] . The indicating that the 35S precursor form was copurifying appearance of half-mer polysomes in combination with a net deficit of free 60S versus 40S ribosomal subunits has with the Rrb1-TAP complex. tion of L3 when nonincorporated into ribosomes. We believe that the partially defective Rrb1-TAP strain provides an experimental advantage to enrich the Rrb1-L3 assembly intermediate and to "freeze" the ribosomal assembly process at a very early stage, presumably before completion of the assembly of the 90S precursor particle. Both, Rrb1p and L3 sedimented here as low molecular weight material, further supporting the existence of a free Rrb1-L3 complex. We propose that Rrb1p forms a direct complex with L3 and assists its interaction with the rRNA precursor. The ten substoichiometrically copurifying r proteins may represent an early Rrb1p-associated assembly intermediate (on the way toward the 90S preribosome) that is less abundant in the cell. We regard these copurifying r proteins as specific for the Rrb1/L3-associated pre-rRNA, since no cytoplasmic-assembling r protein was detectable in the purified Rrb1-TAP complex(es). In one case, the ribosomal protein L4 is reported to interact specifically only with 35S pre-rRNA and not with mature 25S rRNA in vitro [14] . We postulate that the isolated subset of r proteins represent very early-assembling r proteins, characteristic of an early form of the preribosomal particle. This subset includes L13, S1, S17, and S24, four r proteins which were previously not assigned to early or later forms of ribosome assembly. In conclusion, our results indicate that, in addition to the previously reported involvement of Rrb1p in regulation of L3 expression and stability [1], Rrb1p plays a direct role in early 60S ribosomal subunit assembly.
Primer hybridization assay. RNA was extracted from the final Rrb1-TAP eluate or from a parallel preparation that was subjected to RNase A treatment during the course of TAP-purification or from a
We propose that yeast Rrb1p functions as a chaperone
Sas5-TAP purification, heated briefly, and spotted (2 l) onto a nylon membrane. For comparison, 2 l total extracted RNA corresponding for assembly of ribosomal protein L3 onto the precursor to the amounts indicated were spotted on the same membrane.
rRNA transcript. The specificity of Rrb1p for ribosomal Hybridizations were performed for 1 hr at 42ЊC, using successively protein L3 raises the possibility that all ribosomal proteins specific manner by different trans-acting assembly factors. Although the pre-rRNA processing pathway and its intermediates have been fairly well elucidated, the order and been described for mutants defective in the 60S r proteins process by which the rRNAs and the r proteins are assem-L3 (D. Kressler and P.L., unpublished data), L5 [11] , and bled into mature ribosomal subunits is still poorly under-L16 [12] , and for mutant genes defective in pre-rRNA stood. A low-resolution picture of yeast ribosome assembly processing and 60S ribosomal subunit assembly (see [5, was achieved by studying in vivo the incorporation of indi-13] and references therein). Western blot analysis of the vidual r proteins [4] and by assessing the order of dissociagradient fractions revealed that Rrb1-HA was very abuntion in vitro through increasingly stringent washes [15, dant in the top (low molecular weight) fractions and with 16]. Currently available data are, however, far from being lower concentration in the 40S to 80S fractions but was sufficient to create a definitive assembly pathway for the not detectable in the polysome fractions; L3 was detected different ribosomal proteins. Understanding the mechain fractions corresponding to 60S subunits, mature 80S ribonism of ribosome assembly on the molecular level and somes, and polysomes (Figure 4c ). Rrb1p was recently identifying the functional specificity of ribosomal transshown to localize throughout the nucleus with enrichment acting assembly factors are important goals for the future. in the nucleolus [1], supporting that Rrp1p is not associated with the mature ribosome. In the Western blot of the
Materials and methods
Rrb1-TAP polysome profile, Rrb1-TAP was found in the The temperature-sensitive rrb1-TAP strain exhibits a deficit in free 60S ribosomal subunits and accumulation of half-mer polysomes. (a) The wild-type strain MGD353-13D and (b) the rrb1-TAP strain were grown at 30ЊC. Cells were harvested at an OD 600 of 0.8, and cell extracts were resolved in 7%-50% (w/v) sucrose gradients. Gradients were analyzed by continuous monitoring at A 254 . Sedimentation is from left to right. The peaks of free 40S and 60S ribosomal subunits, 80S free couples/ monosomes, and polysomes are indicated. Half-mers are labeled with asterisks. (c) Analysis of the sedimentation of Rrb1-TAP in the sucrose gradient shown in (b). Collected fractions were precipitated as described [21] , resolved on a 15% SDS polyacrylamide gel, and immunoblotted using PAP-soluble antibody complex. The Rrb1-TAP signal and the positions of the 40S, 60S, and 80S ribosomal particles are indicated.
of the second affinity chromatography step onto a 16% SDS-polyacrylat 42ЊC, using successively 32 P-labeled oligonucleotides number 15 (5Ј-TCGGGTCTCTCTGCTGC-3Ј), number 14 (5Ј-GTTTGGAAACAGCTG amide gel, samples were precipitated with five volumes of ice-cold acetone and resuspended in loading buffer. Proteins bands were visualized AAATTCC-3Ј), or number 9 (see above). The membrane was washed for 15 min at 95ЊC in 0.2% SDS in-between individual hybridizations to by Coomassie staining, cut out, and processed for mass spectrometry analysis (see Supplementary material).
remove efficiently the previous probe.
For the purification of the complex in presence or absence of RNA, a
Polysome analysis
protein extract was prepared from a 6 liters culture and split in two halves. Polyribosome preparation and polysome analysis were done as deOne of the extracts was incubated with 100 g/ml Ribonuclease A (Boehscribed previously [17, 18] . Gradient analysis was performed with an ringer) for 1 hr at 4ЊC, followed by the dialysis step for 3 hr as described ISCO UV-6 gradient collector with continous monitoring at A 254 . For [2]. The other half was treated with 0.67 U/l RNasin Ribonuclease Western analysis, proteins in each fraction were precipitated with 10% inhibitor (Promega). Following affinity purification, steps were carried trichloroacetic acid exactly as described [18] . Presence of Rrb1-TAP out as described above. Complexes were separated on 16% SDSprotein in the fractions was detected by immunoblotting using PAPpolyacrylamide gels and protein bands were revealed by silver staining. soluble complex (Sigma) and the ECL detection system (Amersham). Rrb1-HA was detected with a rat monoclonal antibody (clone 3F10, Boehringer) and L3 with a mouse monoclonal antibody (a gift from J.R.
RT-PCR and primer hybridization
Warner). The presence of a precursor rRNA in the purified Rrb1-TAP complex was detected by RT-PCR using the following primers: number 9 (5Ј-
Supplementary material
CCTCCGCTTATTGATATGC-3Ј) or number 12 (5Ј-CCCAAAGTTCAA A discussion of the Rrb1p protein homology with known chromatin CTACGAGC-3Ј), respectively, for the first-strand synthesis, and number assembly factors and with uncharactrized ORFs from different species 1* (5Ј-CCGGCAGCAGAGAGACC-3Ј), number 7 (5Ј-GGCCAGCAAT can be found with this article online at http://images.cellpress.com/ TTCAAGTTAA-3Ј), number 10* (5Ј-CTCCATCTCAGAGCGGAG-3Ј), supmat/supmatin.htm. number 11 (5Ј-GACCCGAATGGGCCCTG-3Ј), and number 13* (5Ј-GCTTGTTGCTTCTTCTTTTAAG-3Ј) for the diverse amplification reactions. The final eluate (2 l) of purified Rrb1-TAP complex or, as controls,
